The effects of different concentrations of D ( -) threo and L ( + ) threochloramphenicol on the growth of Scenedesmus quadricauda have been studied. The results indicate: ( a ) both isomers caused an increase in the total population largely independent of concentration ; ( b ) at concentrations between 100-200 pg./ml. both isomers gave a secondary increase in growth after a secondary lag period of 4-6 days; (c) both isomers inhibited the growth rate at concentrations comparable with those which inhibit bacterial growth and protein synthesis. The L ( + ) threo isomer was twice as effective as the D ( -) threo isomer, though it did not give any inhibition below 22 ,ug./ml. ( d ) above 50 ,ug./ml. the D ( -) threo isomer gave a significantly greater lag period than below this concentration. The L ( + ) threo isomer did not affect the lag period below 25 pg./ml., but above this concentration, an increase in the concentration lengthened the lag period at the same rate as with the D ( -) threo isomer above 50 pg./ml. Downloaded from www.microbiologyresearch.org by
INTRODUCTION
Chloramphenicol has been shown to inhibit the growth of bacteria, and its mode of action is thought to be by inhibition of protein synthesis (Brock, 1961) . Lacks & Gros (1960) found that the initial rate of incorporation of radioactive amino acids into RNA in Escherichia coli was decreased by 80 yo with, for instance, chloramphenicol 20 ,ug./ml. Concentrations of this order do not affect respiration. In higher plant tissues, chloramphenicol inhibits other physiological processes, e.g. ion accumulation in beetroot slices and carrot roots (Sutcliffe, 1960) , and calcium binding in maize mitochondria (Hanson & Hodges, 1963) , though a t concentrations 40-100 times greater than those which inhibit protein synthesis in bacteria. Although these inhibitions have been ascribed to inhibition of protein synthesis and Jacoby & Sutcliffe (1962) have shown that protein synthesis is inhibited in beetroot slices at these concentrations, Hanson & Hodges (1963) and Stoner, Hodges & Hanson (1964) showed that the calcium binding in maize mitochondria was inhibited under conditions where no net protein synthesis was to be expected. They further noted that the effect of chloramphenicol was much like that of the uncoupling agent Z,P-dinitrophenol, and showed that chloramphenicol at 0.8-1-6 mg./ml., decreased the P/O ratio very considerably. They thought that observations such as those of Jacoby & Sutcliffe (1962) might be secondary effects due primarily to the uncoupling of oxidative phosphorylation. Ellis (1963) reported that when precautions were taken to overcome the inhibition of amino acid uptake in beetroot slices, there was no chloramphenicol inhibition of L-leucine and L-threonine incorporation into the trichloroacetic acid-insoluble fraction, although salt uptake was still inhibited.
The effect of chloramphenicol on the growth of micro-organisms other than bacteria has been somewhat neglected, because most of them appeared to be insensitive, though this may have been because in some cases at least, too small concentrations were used. Mager (1960) reported that the growth of Tetrahymena pyriformis was ' considerably delayed or completely arrested at 25-150 ,ug./ml. ' without saying whether this referred to the lag phase, or to the growth rate.
Vazquez (1964) stated that no effect of chloramphenicol has been obtained on the growth of green plants but Tamiya, Morimura & Yokota (1962) showed that the growth rate of the green alga Chlorella ellipsoidea was affected by chloramphenicol 300-3000 ,ug./ml. but not by 30 ,ug./ml. Although growth was completely suppressed at the highest concentration, cell division occurred once, a t the same time as in cells in a control culture, but gave extremely small daughter cells which were incapable of further growth when transferred to the normal culture medium. Kumar (1963) found that the maximum concentration of chloramphenicol which permitted growth of the blue-green alga Anacystis nidulans was 6 ,ug./ml.; over the range 1-6pg.lml. there was no effect on the growth rate, but with higher chloramphenicol concentrations there was an increase in the lag period. However, he did not prolong incubation of his cultures at the higher concentrations beyond 12 days.
Thus the green alga Chlorella ellipsoidea appears to be affected by chloramphenicol a t concentrations similar to those which affect the higher plants, but Anacystis nidulans is as sensitive as the bacteria. It may be significant that Echlin (1964) said that this alga showed, under the electron microscope, structural features which previously had only been associated with bacteria. The experiments reported below were done as a preliminary to other work on the effect of chloramphenicol on metabolic processes in Scenedesmus quadricauda; they showed that this green alga has a sensitivity to chloramphenicol of the same order as that of bacteria, and considerably higher than that of Chlorella from which, systematically, it is not far removed.
METHODS
Organism. Scenedesmus quadricauda (Turp.) Breb., originally isolated by Professor W. Rodhe (Uppsala, Sweden) and obtained from the culture collection of algae at the Plant Physiological Institute, University of Gottingen, Western Germany, as strain 276/4C, through the courtesy of Professor A. Pirson.
Cultivatiorn. The culture solution was Osterlind's (1949) solution C, which contains sodium carbonate as a CO, source; 25 ml. culture medium was contained in 100 ml. conical flasks. The cultures were grown a t 25' under continuous fluorescent lighting from below. The light intensity was 4500 lux a t the level of the culture, which was a light-saturating intensity for growth under these conditions. The cultures were shaken twice a day.
Chemicals. D ( -) threo-chloramphenicol was obtained from Parke Davis and Co. (Hounslow, Middlesex, England) who also provided the sample of L (+) threochloramphenicol. The chloramphenicol solutions were sterilized by Seitz filtration, and added to culture media after these had been autoclaved.
Lag periods. The coenobial counts were plotted as log. coenobial number~/rnm.~ against time, and the primary lag periods were calculated to the nea.rest 0.25 day from the time of inoculation to the intercept of the calculated logarithmic growth line on the mean lag population. The secondary lag periods were calculated in a similar way from the intercepts of the two logarithmic growth lines on the mean stationary population.
Growth rates. Both primary and secondary growth rates were calculated as the coefficient b in the formula: log. N = a + bt, which is the regression line of log.
coenobial numbers/unit volume ( N ) on time (t in days). They are thus estimates of the specific growth rates. Fig. 1 , and the relevant data extracted from the whole series in Table 1 , First of all, an effect can be seen on the total population. There were no statistically significant differences between the total populations from chloramphenicol derivative 0-1-150 pg./ml., but all these showed statistically significant increases over the control. The culture a t 200 pg./ml. showed a further statistically significant increase over the 150 pg./ml. culture. Moreover, at lOOpg./ml. and above, after a second lag period, further growth took place, though a t a much lower rate than during the original increase, giving a final population which was roughly double that of the first stationary phase. There was also a change in behaviour in the duration of the primary lag period above 50 pg./ml. Above this concentration the lag period was considerably shorter than would have been expected from the values at the lower concentrations. When the length of the lag period was plotted against log. chloramphenicol concentration (Fig. 2) there was a clear discontinuity. Both parts of the curve showed high correlation coefficients between the duration of the lag and log. chloramphenicol concentration. The difference between the two coefficients of x is significant at P = 0.001.
RESULTS

E,ffcect of D ( -) threo-chlorampheiaicol on growth
Correlated with these differences in overall physiological behaviour at higher and lower D ( -) chloramphenicol concentrations were differences in the appearances of the organisms. At 50 ,ug./ml. and below the D ( -) chloramphenicol-treated organisms were normal in appearance and size. At 100 pg./ml. and above coenobia during logarithmic growth tended to clump ingroups of up to 16 coenobia. These groups were frequently in fours and contained an empty coenobium, suggesting that after liberation the daughter coenobia were prevented from dispersion, possibly by an excessive production of mucilage. During the lag phase a t these higher concentrations all the cells slowly became disorganized. The extent to which disorganization took place was very variable from cell to cell, even within the same coenobium. The first signs were a contraction of the protoplasts, disappearance of chlorophyll and disintegration of the chloroplasts. However, about 3 days before logarithmic growth began, by which time all the cells were disorganized to a greater or lesser extent (30-60 yo completely empty) signs of rejuvenescence appeared in some of the cells. Single cells in a coenobium (more than two in one coenobium were not seen) showed an expansion of the protoplast and a redevelopment of chlorophyll. These rejuvenated cells then began to multiply. These disorganized coenobia were included in the coenobial counts during the lag period, but not during logarithmic growth. Completely empty coenobia were not counted; this accounts for the apparent decrease in numbers towards the end of the primary lag period with D ( -) chloramphenicol 150 ,ug./ml. in Fig. 1 .
The growth rate was also affected by the chloramphenicol concentration, but did not show a discontinuity (Fig. 3) . Over the whole range of concentration there was a very high negative correlation between the growth rate and the log. chloramphenicol concentration (-0.99, significant a t P = 0.01). The regression line of growth rate on log. chloramphenicol concentration was determined as :
Eflect of D (-) threo-chlorarnphenicol oln the growth of coenobia previously grown in D ( -) threo-chloramphenicol 25 ,ug./mE. A series was set up with inocula of coenobia which had reached the stationary phase of growth in D ( -) chloramphenicol 25 ,ug./ml. There were no statistically significant differences in behaviour as compared with the previous experiment beyond the fact that the control (i.e. inoculum grown in D ( -) chloramphenicol 25 ,ug./ml. but inoculated into chloramphenicol-free medium) produced the same maximum population (720 & 49) as did chloramphenicol-treated organisms. The growth rate in this flask was also lower than in the first experiment (0.49). These results are consistent with the effect to be expected from the chloramphenicol carried over in the inoculum. This, if none had been absorbed by the organisms in the original culture, would have given a concentration of chloramphenicol 0.5 ,ug./ml. In practice it would be somewhat lower than this. There was thus no obvious immediate adaptation of the organism to tolerate chloramphenicol.
Eflect of I ( + ) threo-chloramphenicol on growth
The L (+) threo isomer of chloramphenicol is not antibacterial, and is much less active than the D ( -) threo isomer as an inhibitor of amino acid incorporation into protein (Rendi & Ochoa, 1962) . Ellis (1963) however, found it to be 65-115% as effective as the D ( -) threo isomer in inhibiting sulphate uptake of plant tissue slices, the degree of inhibition depending upon the species and chloramphenicol concentration. A similar series to the first experiment was done with L ( + ) threochloramphenicol. Typical results are shown in Fig. 4 , and the extracted data in Table 2 . The general effect was much the same as with D ( -) threo-chloramphenicol, though the L ( +) isomer did not manifest its effects at such low concentrations, and there were significant quantitative differences.
Up to L (+) isomer 50 ,ug./ml. the effect on the maximum coenobial population is the same as with the D ( -) isomer, and there were no statistical differences between the maximum populations a t corresponding concentrations up to this value. At 100 and 150 pg./rnl. the primary population was significantly increased to an even greater extent than with D ( -) threo-chloramphenicol 200 ,ug./ml. These two highest concentrations also show the same secondary growth effect as was observed with the D ( -) threo isomer a t these concentrations and to the same extent (a doubling of the population), but the final total population was very much greater with the L ( + ) threo isomer.
A plot of the lag period against log. concentration (Fig. 2) did not show the discontinuity observed with the D ( -) isomer, and no lag was observed at 10 ,ug./ml. coefficients of 2 or the constants in the regression lines for the L (+) isomer and the upper range of the D ( -) isomer. We may therefore conclude that the two sets of points fall on the same line, and that both isomers affect the lag period through their effect on the same process and to the same extent. However, the D ( -) isomer also affected the lag period through another process, which was unaffected by the L ( + ) I?. J. TAYLOR isomer. The degree of inhibition of this second process by the D ( -) isomer was relatively greater than the inhibition of the first a t concentrations lower than 50 ,ug./ml., but the relative inhibitions were reversed above this concentration. The L (+) isomer had similar effects to the D ( -) isomer on the cellular morphology at 50 pg./ml. and above. N ) on time (t in days) .
The effect of L ( +) threo-chloramphenicol on the growth rate showed a very high negative correlation between growth rate and the log. chloramphenicol concentration ( -0.999 ; Fig. 3) ; and the regression line of growth rate on log. chloramphenicol concentration was: y = 0.81 -0 . 2 3~. The coefficient of x for the L ( + ) isomer was twice that of the corresponding coefficient for the D ( -) isomer; the difference was statistically significant (P = 0.01). The two regression lines cut the ordinate a t x = 3.63 (D ( -)) and 3.53 (L ( +)). The standard error of estimate of x for the D ( -) isomer was 1.8 yo. Since the value of x when y = 0 for the L ( + ) isomer differed from the value for the D ( -) isomer by less than twice this standard error, we can conclude that if both regression lines were extrapolated to the ordinate, they would cut it at the same point. In other words the concentrations of both isomers necessary for complete theoretical inhibition are the same. It seems likely therefore, that they both act on the same process, but a t different rates. The L ( + ) isomer was twice as effective an inhibitor as the D ( -) though it only began t o inhibit at a higher concentration, possibly through differences in permeability.
DISCUSSION
Although Scenedesmus quadricauda is an autotrophic organism, the kinetics of its growth can be treated like those of the bacteria (Hinshelwood, 1946) . Its considerably longer growth period, though, does not make it such a convenient organism for extended studies of adaptation. The increase in total population on treatment with the chloramphenicol derivatives suggests that nutrient exhaustion was not the factor causing the cessation of normal logarithmic growth. Thelimiting factor appears to be the pH of the medium, a pH of 12 coinciding with the cessation of growth in normal cultures. The cessation of growth in chloramphenicol cultures below lOOpg./ml. was found to cease when the pH was between 10 and 11. By lowering the pH of a control culture in the stationary phase it was found possible to increase the population from 581 45 and 780 & 53. It is possible, therefore, t o account for the increase in population with chloramphenicol to a delay in the attainment of an adverse pH. This might be effected through differences in the relative rates of inhibition of cation and anion uptake . Hinshelwood (1946, p. 72) has noted that the influence of pH upon total population in bacterial cultures consists largely of changing the limiting factor from exhaustion of foodstuff to accumulation of inhibitors. We have no experimental evidence for the occurrence of any external inhibitors beyond the hydroxyl ion (if in fact it is this aspect of pH which limits growth).
The pattern of response of total population at 100 pg./ml. and above is reminiscent of the phenomenon of diauxie (Monod, 1942) . However, in the case of Scenedesmus there does not appear to be a second source of nutrition unless i t be the chloramphenicol itself, which appears unlikely. Moreover, the phenomenon has appeared in some experiments without chloramphenicol, under growth-limiting light conditions, and the phenomenon merits further investigation. We may note, however, that under certain experimental conditions (which are not obtained in these chloramphenicol experiments), Scenedesmus cells are capable of releasing considerable amounts of carbohydrate into the medium, which could conceivably act as an energy-source.
The possibility that this secondary increase is an artefact due to the prolonged sampling, and consequent lowering of the culture volume, was considered, but since no secondary increase was observed after the same number of samples had been taken from a 25 pg./ml. culture, and since it took place later with the 200 pg./ml. culture than with the 100 pg./ml. culture, though both were sampled on the same occasions, the effect is considered real.
Woof & Hinshelwood (1961) noted a discontinuity in the shape of the lag/ chloramphenicol concentration curve with 'Bacterium lactis aerogenes' (Aerobacter aerogenes). They favoured the explanation that chloramphenicol affected two different functions of the organisms rather than that there was a small number of pre-existing mutants resistant to the low drug concentrations but sensitive to high ones. The form of the lag/concentration curve is thought to favour a similar explanation for Scenedesmus quadricauda, with the additional support that only one of these functions was affected by the L (+) isomer used. Similar conclusions can be drawn from the observations of the cellular changes. No cellular disintegration was observed a t concentrations below the discontinuity, but were found in all cells above, showing that there was a distinct difference in effect in the two ranges. The cells which recovered from degeneration were those statistically favoured members of the population involved in a competition between 'adaptive' and lethal processes.
Only one effect on the growth rate was observed, and the L ( + ) isomer was twice as effective an inhibitor of this as the D ( -) isomer. This makes it unlikely that the growth rate was limited in the treated cells by either of the processes which limit the lag period in the presence of chloramphenicol derivative.
There is a considerable difference between various organisms and tissues in the concentration at which chloramphenicol inhibitions occur. The responses of IP: 54.70.40.11
On: Fri, 07 Dec 2018 07:55:46 F. J. TAYLOR Scenedesmus quadricauda occur at the same order of concentration as for bacteria, as opposed to higher plant tissues and the only other green alga which has been investigated, Chlorella. These differences might be due to differences in permeability to chloramphenicol in the two groups, which might operate through differences in the proteins or lipids of the plasma membrane, or be due to differences in the site of chloramphenicol binding. Vazquez (1964) showed considerable differences in the latter as between sensitive and resistant organisms at low chloramphenicol concentrations.
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